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A cute-on-chronic liver failure (ACLF) is a severe complication of liver cirrhosis characterized by hepatic and extrahepatic organ failures.
(1) Depending on the severity of ACLF, mortality rates of up to 79% within 90 days have been observed. (1) Established precipitating events of ACLF include infections, excessive alcohol consumption, exposure to toxins, and bleeding episodes.
(1) These events are able to strongly augment the liver cirrhosis-associated systemic inflammatory response, characterized by high levels of proinflammatory and anti-inflammatory cytokines, switch of monocyte phenotypes, and immune paralysis. (2) Interleukin-22 (IL-22) is a member of the IL-10 cytokine family and is generated by, for example, Th17 and Th22 cells, as well as subpopulations of γδ T cells and natural killer cells. (3) IL-22 acts by means of a transmembrane receptor complex consisting of the two subunits IL-22Rα and IL-10R2, which are only expressed on nonimmune cells such as hepatocytes, kidney cells, keratinocytes, or epithelial cells of the intestinal or respiratory tract.
(3) IL-22 receptor signaling is mediated through Janus kinase ( JAK) signal transducer and activator of transcription (STAT) signaling, and phosphorylated STAT3 constitutes the most important transcription factor downstream of the IL-22 receptor. (3) Of note, IL-22 binding to its transmembrane receptor can be prevented by the IL-22 binding protein (IL-22BP), which is a secreted single-chain receptor for IL-22 that acts as a bait with significantly higher affinity to IL-22 than IL-22Rα. (4) (5) (6) (7) IL-22 signaling promotes epithelial immune responses through induction of epithelial defensins and strengthening of cellular barriers. (8) Furthermore, IL-22 has been shown to promote liver regeneration in vitro as well as in animal models. (9) Consequently, IL-22 is considered a promising therapeutic agent in advanced liver diseases, and intravenous administration of IL-22 is currently being evaluated in a clinical trial in patients with alcoholic hepatitis (NCT02655510). However, high serum levels of IL-22 have been associated with adverse outcomes in patients with alcoholic and nonalcoholic liver disease. (10, 11) Possible explanations for this phenomenon may include unwanted proinflammatory effects of IL-22, which can augment Th17 immune responses, as well as insufficient biological activity of IL-22 due to inhibitory mechanisms such as IL-22BP. (12, 13) In the present study we aim to explore the behavior of this special cytokine and explore the role of its inhibitor IL-22BP in the progression of liver cirrhosis to ACLF, a clinical scenario in which strategies to augment epithelial barrier functions and promotion of liver regeneration appear to be particularly attractive.
Patients and Methods

stuDy population
Since August 2013, consecutive patients admitted to the University Hospital Frankfurt, Germany, with acute decompensation of liver cirrhosis and/or ACLF according to the criteria of the Chronic Liver FailureEuropean Association for the Study of Liver (CLIF-EASL) consortium, (1) were prospectively enrolled in our liver cirrhosis cohort study. In 2015, the cohort was extended to patients with compensated or stable decompensated liver cirrhosis.
The diagnosis of liver cirrhosis was based on a combination of clinical, laboratory, and imaging findings (ultrasound and transient elastography or shear wave elastography) or, less frequently, liver biopsy. Acute decompensation of liver cirrhosis was defined as the presence of one of the following criteria: new onset/progression of hepatic encephalopathy (HE) graded by West-Haven criteria, (14) gastrointestinal hemorrhage, bacterial infection, and ascites grade 2-3 (graded according to Moore et al. (15) ). ACLF was diagnosed according to the ACLF criteria proposed by the CLIF-EASL consortium. (1) Exclusion criteria were age below 18 years, pregnancy or breastfeeding, presence of hepatocellular artiCle information: carcinoma (HCC) beyond Milan criteria, presence of infection with human immunodeficiency virus, or therapy with immunosuppressive agents.
All patients provided written informed consent to the study protocol, and the study was approved by the local ethics committee of the University Hospital Frankfurt, Germany.
CliniCal Data ColleCtion anD BioBanking
Clinical data and biomaterials of patients with acute decompensation of liver cirrhosis or ACLF were collected at baseline, follow-up days 7 and 28, and follow-up week 12. Clinical data and biomaterials of patients with compensated or stable decompensation of liver cirrhosis were collected at baseline and at least every 3 months of follow-up, or at the time of development of acute decompensation or ACLF.
Demographic and clinical characteristics, including age, sex, body mass index, underlying cause of liver cirrhosis, listing for liver transplantation, presence or absence of diabetes/portal vein thrombosis/HCC or cholangiocellular carcinoma, alcohol consumption, duration of abstinence, presence and grade of ascites/ HE, gastrointestinal hemorrhage, presence and type of infection, use of renal replacement therapy or catecholamines, PaO2/FiO2 and stage of ACLF, were obtained from clinical databases. Additionally, laboratory parameters were extracted, including peripheral blood cell counts, hemoglobin, C-reactive protein (CRP), serum sodium, serum potassium, serum calcium, serum chloride, serum phosphate, serum creatinine, serum urea, serum bilirubin, serum alanine aminotransferase, serum aspartate aminotransferase, serum gamma-glutamyltransferase (GGT), serum alkaline phosphatase, serum ferritin, international normalized ratio (INR), activated partial thromboplastin time, and serum albumin.
Serum and viable peripheral blood mononuclear cells were collected at the indicated baseline and follow-up time points. All patients who were enrolled in this prospective cohort study until April 2017 were included in the present analysis. Table S4 ). The presence of very high concentrations of IL-22BP interfered with the IL-22 ELISA (in line with the data sheets of all available IL-22 ELISAs) with the consequence that IL-22 serum concentrations might be slightly underestimated.
QuantifiCation of Cytokines
Cell Culture
Human hepatoma cell line Huh7 was purchased from the Japanese Collection of Research Bioresources cell bank ( JCRB0403; Osaka, Japan), and the human hepatoma cell line HepG2 was purchased from the American Type Culture Collection (HB-8065; Manassas, VA). The Huh7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 1 g/L glucose (Gibco 31885-023) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. HepG2 cells were cultured in DMEM 4.5 g/L glucose (Gibco 41965-039). Recombinant human IL-22 (Peprotech, Rocky Hill, NJ) and recombinant human IL-22BP/IL-22RA2 protein (Sino Biological, Wayne, PA) were used for in vitro assays. Primary human hepatocytes were purchased from ScienCell Research Laboratories (Carlsbad, CA) and cultured in hepatocyte medium on poly-l-lysine-coated plates according to the manufacturer's instructions. Cell viability was assessed using the WST-1 Cell Proliferation Reagent from Takara Bio (Kusatsu, Shiga, Japan).
immunoCytoCHemistry
Immunocytochemistry of the IL-22 receptor chain IL-22Rα1 was performed using a primary antibody from Santa Cruz Biotechnology (sc-134366; Dallas, TX) and an Alexa Fluor 488 goat antimouse immunoglobulin G (A11001; Life Technologies, Carlsbad, CA) as secondary antibody and bisbenzimide H 33342 trihydrochloride (Sigma Aldrich, St. Louis, MO) as nuclear counterstaining on an Olympus FluoView FV1000 microscope (Tokyo, Japan). To this end, human hepatoma cell lines were fixed onto coverslips with 4% paraformaldehyde, permeabilized with 0.25% Triton-X in phosphate-buffered saline (PBS), and blocked with 5% goat serum (Sigma Aldrich) in PBS.
immunoBlot analyses
Immunoblot analyses were performed as described (16) 
QuantitatiVe polymerase CHain reaCtion
Quantitative polymerase chain reaction was performed using SYBR green technology as described, (16) using the following primers: human GAPDH (glyceraldehyde 3-phosphate dehydrogenase) forward (GAA GAT GGT GAT GGG ATT TC); human GAPDH reverse (GAA GGT GAA GGT CGG AGT C); human TNF-α (tumor necrosis factor alpha) forward (GGC AGT CAG ATC ATC TTC TCG AA); human TNF-α reverse (GAA GGC CTA AGG TCC ACT TGT GT); human LBP forward (TTC GGT CAA CCT CCT GTT GG TTC GGT CAA CCT CCT GTT GG); and human LBP reverse (CGC AAA TCC TGC TCT CCA GT).
statistiCal analyses
Statistical analyses were performed using BiAS, Version 11.06, and Graphpad Prism 5. Group differences were assessed using χ 2 contingency tables or Wilcoxon-Mann-Whitney U tests, as appropriate. P values less than 0.05 were considered to be statistically significant. Associations of outcomes with continuous or dichotomic variables were assessed in linear and logistic regression models, respectively. After univariate analyses, multivariate analyses were performed for significant associations. Multivariate models were obtained by backward selection, using a P value greater than 0.15 for removal from the model.
Results
stuDy population: Baseline CHaraCteristiCs
A total of 139 patients were included in the present analyses according to the previously defined selection criteria. Of those, 45 (32%), 52 (37%), and 42 (30%) patients had compensated or stable decompensated liver cirrhosis, acute decompensation of liver cirrhosis, and ACLF at baseline, respectively. Of the patients with ACLF, 47.6% were classified as ACLF grade 1, 28.6% as ACLF grade 2, and 23.8% as ACLF grade 3 at baseline. Of the patients without ACLF, 38 (39%) had proven infections, whereas 34 (81%) of patients with ACLF had infections. The most common infections were spontaneous bacterial peritonitis (38% of all infections), urinary tract infections (22% of all infections), pneumonia (22% of all infections), and cellulitis (8% of all infections).
As expected, patients with ACLF had significantly higher serum levels of CRP (2.7 mg/dL versus 5.3 mg/dL, P = 0.001) and peripheral blood leukocytes (8.51/nL versus 11.75/nL, P = 0.016) ( Table 1 ). In addition, hemoglobin values were significantly lower in patients with ACLF compared with patients with decompensated cirrhosis (10.8 g/dL versus 9.3 g/dL, P = 0.006). Baseline characteristics of all patients are given in Table 1 .
stuDy population: follow-up until Day 28
A summary of laboratory data at days 7 and 28 are given in Supporting Tables S1 and S2. Mean serum creatinine (P = 0.00001), bilirubin (P = 0.07), and INR (P = 0.0004) of those patients with ACLF who survived until day 7 were still substantially higher compared with patients with acute decompensation of cirrhosis (Supporting Table S1 ). Of note, 6 (6%) and 11 (11%) of 97 patients without ACLF at baseline progressed to ACLF until days 7 and 28 of follow-up, respectively. Of the patients with ACLF (n = 42) at baseline, 15 (36%) recovered to compensated/decompensated cirrhosis, whereas ACLF persisted (or progressed in stage) in 27 (64%) of patients. Until days 7 and 28 of follow-up, 7 (17%) and 13 (31%) versus 0 (0%) and 1 (1%) patients with versus without ACLF at baseline died (P < 0.05 each). None of the patients received a liver transplant between baseline and day 28 of follow-up.
il-22 serum ConCentration is assoCiateD witH aClf, infeCtions, anD mortality
IL-22 serum levels were quantified at baseline in all patients with compensated liver cirrhosis, decompensated liver cirrhosis, or ACLF. In addition, serum cytokine levels of 16 healthy volunteers were measured as a reference (mean age 39 years [SD = 12], 9 women and 7 men). Serum levels of IL-22 were almost identical in patients with compensated/stable decompensated liver cirrhosis compared with healthy controls (not significant), but significantly higher in patients with acute decompensation of liver cirrhosis and highest in patients with ACLF (P = 0.0001) (Fig. 1A) . The association remained significant in a multivariate analysis of factors associated with ACLF at baseline (Supporting Table S3 ). In this regard, an IL-22 serum concentration of 47.68 pg/mL was identified by receiver operating characteristic analysis as the optimal cutoff to predict the presence of ACLF with good accuracy (area under the curve = 0.78; P < 0.00001) (Fig.  1B) . Furthermore, there was a significant association between IL-22 serum levels and the grade of ACLF (Fig. 1C) .
We next assessed associations between IL-22 serum concentration and progression to adverse outcomes during short-term follow-up. In patients without ACLF at baseline and without progression to ACLF until day 28 of follow-up, low IL-22 serum concentrations at baseline were observed (32.45 pg/ mL), whereas patients with stable ACLF from baseline to day 28 showed significantly higher serum concentrations of IL-22 (216.82 pg/mL; P < 0.0001). In comparison, baseline IL-22 serum levels were intermediate in patients who recovered from ACLF between baseline and day 28 (155.85 pg/mL), whereas highest baseline IL-22 serum concentrations were observed in patients who had no ACLF at baseline but progressed to ACLF until day 28 of follow-up (314 pg/mL; P < 0.0001) (Fig. 1D) . Furthermore, IL-22 serum levels were significantly lower in patients who survived until day 28 (107.25 pg/mL versus 241.94 pg/mL, P = 0.008) (Fig. 1E) .
Finally, we explored the relationship between IL-22 serum levels and infections in patients with or without ACLF, as infections are important precipitating events of ACLF and because infection-triggered ACLF is burdened with a particularly high mortality. (17, 18) Of note, patients without ACLF with proven infections had significantly higher IL-22 serum concentrations than patients without ACLF and absence of infections (118 versus 15.40 pg/mL; P = 0.004) (Fig. 2) . In contrast, IL-22 serum concentrations did not differ significantly in patients with ACLF with versus without infections (Fig. 2) . Collectively, these data indicate that serum concentrations of IL-22 are significantly associated with adverse outcomes of liver cirrhosis, namely, development of ACLF, death, and infections.
DissoCiateD kinetiCs of il-22 anD il-17a in patients witH liVer CirrHosis
Because IL-22 is considered to be a hallmark cytokine of Th17 cell-mediated immune responses, we also quantified serum levels of IL-17A, the distinctive cytokine of Th17 responses. In contrast to IL-22, no relevant differences in IL-17A serum concentrations between patients with acute decompensation of liver cirrhosis and ACLF were identified (7.03 versus 7.51 pg/mL; not significant), and IL-17A serum levels were only slightly lower in patients with compensated liver cirrhosis (5.05 pg/mL) or in healthy controls (4.90 pg/mL) (Fig. 3A) . Furthermore, no association between IL-17A serum concentrations and the grade of ACLF, and no relevant difference in IL-17A serum levels between survivors and nonsurvivors were observed (Fig. 3B,C) . Hence, the kinetics of IL-22 in patients with liver cirrhosis appear to be rather independent from Th17 cell responses.
eXCessiVe seCretion of il22Bp in patients witH liVer CirrHosis
This described association between high serum levels of IL-22, a cytokine with known hepatoprotective effects, and adverse outcomes of liver cirrhosis may indicate insufficient biological activity of IL-22 in humans with liver cirrhosis, or context-specific dominant adverse effects of the proinflammatory functions of IL-22.
To further explore these possibilities, we assessed the serum concentrations of IL-22BP, the antagonist of IL-22-signaling, in our cohort. Of note, a progressive, significant increase of IL-22BP serum levels was observed in patients with compensated/stable decompensated liver cirrhosis versus acute decompensation of liver cirrhosis versus ACLF (Fig. 4A) . Importantly, mean IL-22BP levels were exceeding IL-22 levels more than 300-fold with respect to the picomolar serum concentration of both proteins (compare Figs. 1 and 4) . We therefore calculated ratios of IL-22BP/IL-22 serum levels. IL-22BP/ IL-22 ratios were lowest in patients with ACLF and in patients with acutely decompensated cirrhosis, but significantly higher in patients with compensated/ stable decompensated cirrhosis or in healthy controls (P < 0.05) (Fig. 4B) . Furthermore, higher IL-22BP serum levels were observed in patients who died until day 28 (88,256.40 pg/mL versus 58,842.60 pg/mL, P = 0.01), but ratios of IL-22BP/IL-22 serum concentrations were numerically (but not significantly) lower in patients who died compared with patients who survived until day 28 (4,148 versus 1,843; P = 0.09) (Fig. 4C,D) . In contrast, there was an association between higher ratios of IL-22BP/IL-22 serum concentrations and impaired liver synthesis capacity (i.e., high INR and low serum albumin concentration) (Fig. 4E) .
il-22Bp inHiBits HepatoCellular il-22-inDuCeD Jak/stat signaling
To further assess the possible functional relevance of excessive IL-22BP secretion in patients with liver cirrhosis, we exposed human hepatoma cells to IL-22 using concentrations covering the range observed in our patient cohort. As expected, both Huh-7 and HepG2 cells expressed the IL-22 receptor (Fig. 5A) . Exposure of Huh-7 or HepG2 cells with 5 ng/mL IL-22 for 30 minutes resulted in a robust phosphorylation of the key transcription factors of IL-22 signaling STAT1 and STAT3 (but not of STAT5, not shown) (Fig. 5B) . In this regard, STAT3 promotes the well-described positive effect of IL-22 on hepatocellular proliferation/survival, whereas STAT1 is rather a proinflammatory transcription factor inducing a large number of proinflammatory mediators and cytokines. Next, we asked whether IL-22BP at concentrations observed in our cohort is sufficient to suppress hepatocellular IL-22 signaling. To address this question, human hepatoma cell lines were incubated with IL-22 together with various concentrations of IL-22BP.
Supplementation of IL-22BP to IL-22 in ratios of 10 and 50 or more substantially and completely blocked IL-22-induced STAT3 phosphorylation in vitro, respectively (Fig. 5C ). This finding could be confirmed in primary human hepatocytes (Fig. 5D) . , and β-actin protein levels were quantified by immunoblot analysis.
As described previously, in vivo ratios of IL-22BP to IL-22 were even higher. We therefore tested the ability of patient serum with low versus high ratios of IL-22BP/IL-22 to induce STAT3 phosphorylation in human hepatoma cell lines. The capacity of patient serum to induce STAT3 phosphorylation was substantially higher for the presence of low versus high IL-22BP/IL-22 ratios, and STAT3 phosphorylation was blocked and became a neutralizing antibody against the IL-22 receptor (Fig. 6) .
il-22Bp inHiBits il-22-inDuCeD proDuCtion of proinflammatory meDiators
To elaborate on the effect of the described inhibition of IL-22-induced STAT-phosphorylation by IL-22BP in hepatocytes, we assessed the two relevant functions of IL-22 signaling: promotion of cell viability and induction of proinflammatory mediators. IL-22 numerically (but not statistically significantly) increased the viability of Huh-7 cells, an effect that was abolished by IL-22BP (Fig. 7A) . Furthermore, hepatocellular stimulation with IL-22 resulted in a moderate induction of TNF-α messenger RNA (mRNA) in Huh-7 cells (Fig. 7B) , as well as a strong induction of LBP mRNA levels (Fig. 7C) , an important acute-phase protein and target gene of IL-22. (20) The induction of LPB by IL-22 was confirmed on the protein level in HepG2 cells as well as in primary human hepatocytes (Fig. 7D,E) . Of note, supplementation of IL-22BP to IL-22 in ratios of 10-500 completely blocked IL-22-induced production of LBP in both HepG2 cells and in primary human hepatocytes (Fig. 7E) .
Discussion
The present prospective cohort study reveals a strong association between IL-22 serum levels and adverse outcomes of liver cirrhosis (i.e., ACLF, infections, and death). However, serum concentrations of IL-22BP, a soluble inhibitor of IL-22 signaling, exceed IL-22 concentrations excessively and are capable of inhibiting hepatocellular IL-22 signaling at these concentrations in vitro. In line, high IL-22BP/ IL-22 ratios are associated with impaired liver synthesis capacity in vivo but also with an inhibition of IL-22-induced production of acute-phase proteins in primary hepatocytes. Importantly, we observed declining ratios of IL-22BP/IL-22 during the progression of liver cirrhosis to ACLF and ultimately death, which may not be sufficient to prevent proinflammatory adverse effects of IL-22 in these clinical scenarios, which are characterized by deleterious levels of systemic inflammation.
In general, IL-22 is considered to have beneficial properties in liver diseases. In this regard, a key study has shown that IL-22 promotes the expansion of liver progenitor/stem cells in mice and in patients with hepatitis B in a STAT3-dependent manner. (9) Furthermore, IL-22 protects hepatocytes from apoptosis in a miR-15a/16-1-dependent manner in mice. (19) In addition, a number of studies have shown convincingly that IL-22 strengthens the intestinal barrier by targeting intestinal stem cells and epithelial cells and by inducing important intestinal defensins or lectins such as Reg3β. (20) These and other studies suggest that IL-22 could be an attractive agent for the treatment of advanced liver disease. Indeed, IL-22 application in animal models of concanavalin A-induced hepatitis or alcoholic hepatitis reduced the severity of liver disease. (21, 22) In light of these findings, therapeutic application of IL-22 is currently being evaluated in a controlled clinical trial for the treatment of alcoholic hepatitis (NCT02655510). However, IL-22 also has proinflammatory functions that may adversely affect the outcome of patients with severe liver diseases. For example, IL-22 was shown to promote liver inflammation by recruiting Th17 cells to the liver in humans and mice with HBV infection. (23) As shown in our study and in previous studies, IL-22 can induce hepatocellular production of proinflammatory mediators and acute-phase proteins. (24) In the present study, high IL-22 serum concentrations in patients with liver cirrhosis were associated with the presence of and progression to ACLF as well as with mortality. The association between IL-22 and these adverse endpoints in patients with liver cirrhosis might be explained by the proinflammatory properties of IL-22, which might be insufficiently prevented by IL-22BP, as ratios of IL-22BP/IL-22 are lower in patients with ACLF compared with patients without ACLF. IL-22BP could therefore play a context-specific role in advanced liver cirrhosis. One may speculate that excessive secretion of IL-22BP in patients with compensated and decompensated liver cirrhosis results in nonfunctional IL-22 signaling in these scenarios and prevents beneficial effects of IL-22 on liver function and regeneration-an assumption that is in line with the observed association of high IL-22BP/ IL-22 ratios and impaired liver synthesis capacity. However, as discussed previously, IL-22BP levels may not be sufficient to prevent adverse proinflammatory functions of IL-22 in patients with ACLF in whom systemic inflammation is detrimental for short-term prognosis. This latter notion would be in line with a recently identified protective role of IL-22BP in a murine model of acute liver failure. (12) Collectively, future studies evaluating therapeutic IL-22 administration may consider that high doses of IL-22 may be required to overcome the inhibitory functions of IL-22BP, and that a cautious use of IL-22 in severely ill patients with organ failures may be warranted.
Our study has a number of limitations. First, we were not able to quantify hepatic IL-22 and IL-22BP levels, as liver biopsies are rarely performed in patients with advanced liver disease in our hospital. Furthermore, the number of patients who died during follow-up was relatively low. Finally, the clinical relevance of IL-22 as a biomarker for ACLF is probably rather limited in light of excellent prognosis scores of this syndrome. However, the value of our study is rather in exploring the behavior of this special and important cytokine and its inhibitor IL-22BP during the progression of liver cirrhosis.
In conclusion, our study shows that high IL-22 levels and low ratios of IL-22BP/IL-22 are associated with ACLF and the mortality of patients with cirrhosis. Excessive secretion of IL-22BP can neutralize IL-22 in vitro and may prevent-likely in a context-specific manner-hepatoprotective, but also adverse, effects of IL-22 in patients with cirrhosis.
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